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The structure of the type I tetraheme cytochrome c3 from Desulfovibrio
desulfuricans G20 was determined to 1.5 Å by X-ray crystallography. In
addition to the oxidized form, the structure of the molybdate-bound form
of the protein was determined from oxidized crystals soaked in sodium
molybdate. Only small structural shifts were obtained with metal binding,
consistent with the remarkable structural stability of this protein. In vitro
experiments with pure cytochrome showed that molybdate could oxidize
the reduced cytochrome, although not as rapidly as U(VI) present as uranyl
acetate. Alterations in the overall conformation and thermostability of the
metal-oxidized protein were investigated by circular dichroism studies.
Again, only small changes in protein structure were documented. The
location of the molybdate ion near heme IV in the crystal structure
suggested heme IVas the site of electron exit from the reduced cytochrome
and implicated Lys14 and Lys56 in binding. Analysis of structurally
conserved water molecules in type I cytochrome c3 crystal structures
identified interactions predicted to be important for protein stability and
possibly for intramolecular electron transfer among heme molecules.
q 2006 Elsevier Ltd. All rights reserved.
Keywords: Desulfovibrio; tetraheme cytochrome c3; metal reduction; X-ray
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Introduction
Sulfate-reducing bacteria of the genus Desulfovi-
brio are anaerobes that derive energy from the
dissimilatory reduction of sulfate with the oxi-
dation of dihydrogen or organic substrates.
Additionally, these bacteria enzymatically reduce
toxic metals such as chromium (VI), manganese
(IV), iron (III),1 technetium (VII),2 and uranium
(VI).3 However, metal reduction has not been
demonstrated to support growth with any consist-
ency.When uranium is reduced, the soluble U(VI) is
converted to U(IV), which precipitates as the
insoluble mineral uraninite, UO2. Currently, this
metabolism is being explored for its potential
application to bioremediation of groundwater
contaminated with uranium.4
The tetrahemecytochrome c3 is aperiplasmic redox
protein from Gram-negative sulfate-reducing
bacteria.5 As theirmost abundant c-type cytochrome,
it has been implicated in the transfer of electrons and
protons from periplasmic hydrogenases6,7 and other
periplasmic dehydrogenases to the electron transfer
chain for sulfate respiration and ATP synthesis,
respectively. The role of the Desulfovibrio cytochrome
c3 in uranium reduction has been investigated in vitro
through spectroscopic studies and by pathway
reconstitution experiments.8 The results of these
studies supported a model of electron flow from
hydrogen through hydrogenase to cytochrome c3 to
U(VI). While recent evidence from mutant analyses
confirmed that cytochrome c3 was a part of the in vivo
electron transfer pathway to U(VI) from hydrogen,
evidence was found for alternative pathways from
organic donors that could bypass this tetraheme
cytochrome.9
This small (w13,000 Da) soluble c-type cytochrome
has four heme molecules with bis-histidinyl axial
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ligation.5 Because it is encoded by a monocistronic
gene, has CXXCH and CXXXXCH heme-binding
motifs, and has the characteristic conserved lysine
residues, it is classified as type I cytochrome c3 (TpI-
c3).
10–12 The adjacent pairs of heme planes are almost
perpendicular to each other and are oriented by a
minimum of protein matrix.5 The different redox
potentials of the four heme molecules have been
shown to bemodulated by several factors, such as the
nature of the axial ligands, solvent accessibility and
interaction of the porphyrin ring substituents with
the neighboring amino acid residues.5,13–15 To reach
an understanding of the mechanism of electron
transfer by cytochrome c3 at the molecular level,
knowledgeof the architecture of thehemepockets is a
critical requirement. High-resolution X-ray structure
data for the oxidized tetraheme cytochrome c3 from
five different species of Desulfovibrio and one from
Desulfomicrobium16–21 have revealed key amino acid
residues that are likely to be critical for electron
transfer. NMR studies support the correctness of
these structures and have been used to elucidate the
solution structure of the reduced protein.22–25 The
three-dimensional structures of cytochromes c3 from
these species show highly conserved architecture for
the heme core, despite very low levels of sequence
homology.5,20 This diversity in sequence generates
different environmental conditions around each
heme, resulting in a range of redox potentials, pH-
dependence and rates of electron transfer.5,22
Positive cooperativity during reduction of cyto-
chromes c3 has been demonstrated and suggested to
be a mechanism for simultaneous multi-electron
capture.7,12 In addition, heterotropic cooperativity
or redox Bohr effects have been documented that
show thermodynamic linkage between reduction
and protonation.12,23 It has been suggested that this
linkage allows charge separation in the absence of a
membrane.7 Because of its dual activities and the
limited occurrence of this cytochrome in prokar-
yotes outside of the d-Proteobacteria, it may play a
critical role in the metabolism of these bacteria.
The specificity of intermolecular electron transfer
is provided by molecular recognition. Cytochrome
c3 interacts effectively with a large array of electron-
transfer proteins, including hydrogenases,6,26 a
unique high molecular mass cytochrome c
(Hmc),27 ferredoxins,28 flavodoxins,29 rubredoxin,29
and a large inorganic polyanion.30 Several of these
successful interactions are unlikely to have physio-
logical meaning, since the proteins occur in
different cellular compartments; however, infor-
mation about the sites of potential electron transfer
into and out of cytochrome c3 has been gained from
these studies. In most cases, in silico docking of
crystal structures of proteins and NMR chemical
shift perturbations point to heme IV (the heme
numbering convention used is as the binding site
occurs in the amino acid sequence) as the site of
protein–protein interactions for electron
transfer.26,31 The broad range of substrates would
suggest that specificity of the interactions is low and
that general features of the protein, such as surface
charges allowing electrostatic interactions, may
dominate the docking that facilitates electron
transfer.
In order to understand the role of cytochrome c3
in energy transduction as well as enzymatic metal
reduction, the interplay of various molecular
influences on redox state and heme–heme inter-
actions involved in the process must be elucidated.
High-resolution structures of cytochrome c3
coupled with spectral studies of this redox active
protein may provide information about the mol-
ecular mechanism involved. Here, we describe the
crystal structure of the oxidized cytochrome c3 from
Desulfovibrio desulfuricans strain G20 (G20c3) at 1.5 Å
resolution. The structure of the oxidized protein
bound to the molybdate ion revealed a binding site
near heme IV, in agreement with the inference that
this site effectively interacts with substrates.26,31
Binding of molybdate caused no large protein
rearrangement. The crystal structures were comple-
mented with functional studies ofMo(VI) and U(VI)
oxidation of reduced G20c3. These studies provide
the foundation for the elucidation of the specific
amino acid residues of G20c3 essential for metal
interaction and for normal physiological function of
cytochrome c3 in these bacteria. Finally, we exam-
ined the conservation of protein-bound water in
available crystal structures of the TpI-c3 family.
Several highly conserved water molecules are likely
important for overall protein structure and stability,
while a pocket of water molecules at the intersection
of heme I, heme II, and heme III may be involved in
electron transfer among the heme molecules.
Results and Discussion
UV-Vis spectroscopy measurements
To determine whether efficient electron transfer
could occur from reduced purified G20c3 to the
uranyl ion, the changes in UV-visible light absorp-
tion by G20c3 following reduction and metal
exposure to the reduced G20c3 were monitored.
The absorption spectrum of as-isolated oxidized
G20c3, dithionite-reduced and G20c3 oxidized
following addition of uranyl acetate are shown in
Figure 1. The addition of U(VI) as the uranyl ion
clearly oxidized the reduced G20c3 and the spec-
trum of this metal-oxidized protein resembled that
obtained for the as-isolated air-oxidized protein
(spectrum 4 versus 1). The amount of U(VI)
necessary for apparent complete protein oxidation
was near the theoretical stoichiometry of 2:1.
The Soret peak of the U(VI)-oxidized protein at
408 nm was consistently decreased about 5–8% in
absorbance with respect to that expected for the
amount of G20c3 present. The cause of this decrease
was not apparent, although G20c3 binding to
insoluble metal oxides has been documented.32
When subjected to three sequential cycles of
reduction and metal addition, the shapes of the
spectra were identical, although the absorbance at
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408 nm was slightly decreased after each metal
oxidation. From this result, it was inferred that the
U(VI)-oxidized form resembled the as-isolated
G20c3 structurally and functionally. Oxidation of
the protein following U(VI) addition occurred too
rapidly to obtain kinetics by standard spectro-
photometric procedures.
Spectra were recorded upon addition of sodium
molybdate. Work with the triheme cytochrome c7
from Desulfuromonas acetoxidans establishing the
reduction of chromium (VI) to chromium (III)
used the molybdate ion to identify the binding
site for the chromate ion.33 Even though the
molybdate ion was not redox active under the
conditions used, it was chosen for being isostruc-
tural and isoelectronic with chromate. Cytochrome
c7 shares structural homology and the ability to
reduce chromate with other tetraheme c-type
cytochromes,34 making the results with that protein
relevant to the family of tetraheme cytochromes.
While MoO2K4 is neither isostructural nor isoelec-
tronic with UO2C2 , it was the first model of a metal
substrate for which the binding site was located on
a cytochrome in this family.33 When a 2 mM solution
of reduced G20c3 was made 30 mM in MoO
2K
4 ,
remarkably, the protein was oxidized and the
spectrum of the resulting protein was essentially
identical with that obtained with the addition of
U(VI) (data not shown). As compared with the
concentration of uranyl ion needed for complete
oxidation of the reduced cytochrome, approxi-
mately 7.5-fold more MoO2K4 was required.
Circular dichroism studies
To explore possible G20c3 structural pertur-
bations accompanying oxidation and reduction,
and those that might occur through the interaction
of oxidizing metals, circular dichroism (CD) spectra
were recorded. The CD spectra of proteins in the
chromophoric and peptide regions sensitively
reveal alterations in structure.35,36 In the case of
oxidized G20c3, the CD in the Soret region indicated
a slight asymmetry in the vicinity of the hemes;
whereas, in the far-UVregion, the overall secondary
structure of the protein appeared to be dominated
by a-helical structure. These results were quite
similar to those reported for other tetraheme
cytochromes.37 The CD spectra for the oxidized,
reduced, and U(VI)-oxidized G20c3 are shown in
Figure 2.
Upon reduction, a negative peak appeared at
425 nm in the Soret region, and the positive
maximum shifted from 408 nm to 418 nm. This
red shift of the Soret peak parallels the changes seen
in the UV-visible absorption spectrum upon
reduction of G20c3, indicating the absence of any
major conformational perturbations of the heme
chromophore linked to oxidation-reduction.36 Oxi-
dation of the reduced protein with U(VI) resulted in
a further skew of the Soret peak that suggested a
minor perturbation of the heme environment.
In the far UV, there was a small increase in the
ellipticity of the 222 nm band upon reduction. The
large dipole of the extended p system of hemes and
changes in the heme orientations may produce
an alteration of the far-UV CD bands of heme
proteins.35 This interpretation gains support from
our X-ray structure data (below) that revealed
small, localized changes in the vicinity of heme
molecules upon reduction. The U(VI)-oxidized
G20c3 sample also exhibited slight changes in the
far UV that reflected interactions with heme
molecules or minor perturbations of a-helix struc-
ture. Controls of oxidized G20c3 in the presence of
identical amounts of uranyl acetate exhibited no
detectable change when compared to spectra of
oxidized protein alone (data not shown).
The CD spectrum of the MoO2K4 -oxidized G20c3
was not different from that of the U(VI)-oxidized
form (data not shown), except that the Soret band of
Figure 1. UV-Vis spectra of oxidized, reduced and
U(VI) oxidized G20c3 in 10 mMTris–HCl (pH 7.6). Spectra
were made of the following: (1) 1.4 mM oxidized G20c3;
(2) 1.4 mM G20c3 and 50 mM sodium dithionite; (3) 2.0 mM
G20c3 (the increase is from titration of excess dithionite)
and 50 mM sodium dithionite; (4) 2.0 mM G20c3, 50 mM
sodium dithionite, and 4 mM uranyl acetate.
Figure 2. Circular dichroism spectra of oxidized,
reduced and U(VI)-oxidized G20c3 in 10 mM phosphate
buffer (pH 7.6). Red spectrum, 2 mM G20c3; green
spectrum, 2 mM G20c3, 50 mM sodium dithionite; blue
spectrum, 2 mM G20c3, 50 mM sodium dithionite, 4 mM
uranyl acetate. Typical spectra of at least eight trials. Inset:
an expanded view of far-UV scans.
1316 D. desulfuricans G20 Cytochrome c3
the metal-oxidized protein was 10–15% decreased
from that of the initial oxidized G20c3, as compared
to the 5–8% found for U(VI)-oxidized protein. This
decrease might result from the higher concentration
of metal needed for oxidation of the protein.
To determine the relative thermal stability of the
air-oxidized and the U(VI)-oxidized forms of G20c3,
we conducted thermal melting experiments with
both samples monitored at 206 nm, a wavelength
where a-helical structure changes would be
detected. The thermal melting profiles for both
forms of G20c3 were essentially identical (data not
shown), indicating that metal interaction did not
alter the native structure sufficiently to cause
significant changes in the thermostability of G20c3.
The melting temperatures (Tm)
38 of the as-
isolated oxidized and U(VI)-oxidized proteins
were 108 8C and 110 8C, respectively, within the
error range (4 8C) of the technique. These proteins
showed no spectral differences upon two rounds of
heating to 105 8C and cooling to 25 8C. These data
confirmed the exceptional thermal stability found
for cytochromes c39 and c3,
37 and indicated that
U(VI)-oxidized protein was structurally and func-
tionally similar to the as-isolated oxidized G20c3.
Stopped-flow kinetics studies
Since the rate of oxidation of reduced G20c3 by
uranyl acetate was quite rapid, the redox reaction
was monitored by stopped-flow absorbance
measurements at the a absorption band of G20c3,
A553 (Figure 3). The observed rate constant for
G20c3 oxidation exhibited a hyperbolic dependence
on the concentration of uranyl acetate, indicating a
two-step binding and oxidation mechanism.40
Although the transients at higher concentrations
of uranyl acetate appeared to fit better to a double
exponential, there was no consistent concentration-
dependence for the second rate constant. Therefore
the data were analyzed by fitting to a single
exponential at all concentrations. Equation (1) was
used to fit the data, which yields values for K1, the
association constant between uranyl acetate and
G20c3, k2, the forward rate constant for oxidation of
G20c3 from the protein–uranyl acetate complex, and
kK2, the rate constant for the reverse reaction
(Table 1).
lZK1k2½S=ðK1½SC1ÞCkK2 (1)
Analysis yielded a value of 1.7!108 MK1 for the
association constant, K1, for uranyl acetate. Similar
experiments were performed for MoO2K4 oxidation
of reduced cytochrome and an association constant
of 0.8!108 MK1 was obtained. From these results,
the uranyl ion seems more effective in interacting
with reduced G20c3 protein than the molybdate ion.
Additional studies of ionic strength and buffer
pH effects on the rates of G20c3 oxidation are
underway in an attempt to evaluate intermolecular
electron transfer further.
Overall structure of G20c3 and comparison
to DvHc3
The structure of oxidized G20c3 was determined
to 1.5 Å resolution using the molecular replacement
method (Table 2). In addition, a 2.3 Å resolution
structure of G20c3 with bound molybdate ion was
obtained from a crystal soaked in 10 mMNa2MoO4.
For both structures, the electron density was
continuous for the entire backbone between Ala1
and Pro107, and density representing the four
covalently bound porphyrin heme groups was
quite strong except for a few of the propionate
carboxyl groups. All side-chains were modeled
except for three solvent-exposed lysine residues
(Lys 9, Lys14, and Lys57), which were presumably
disordered. The excellent quality of the 1.5 Å
diffraction data collected from the oxidized crystal
allowed modeling of alternative side-chain confor-
mations in residues Glu2, Ser23 and Ser25. All three
structures exhibit good geometry with no residue in
the disallowed region of the Ramachandran plot
(Table 2). Note that the average B-factor of the
molybdate-bound structure is approximately twice
that of the oxidized structure. We suspect that the
increase in B-factor reflects a decrease in crystal
quality caused by soaking in Na2MoO4.
The structures reported here display the strongly
conserved type I tetraheme cytochrome c3
fold,19,23,41 which typically consists of a two-
stranded anti-parallel b-sheet located in the N
terminus of the protein followed by three to five
Figure 3. Fast kinetics of G20c3 oxidation by uranyl
acetate in 10 mM phosphate buffer (pH 7.6). Concen-
tration of reduced G20c3, 2 mM. Concentrations of uranyl
acetate: blue, zero (buffer alone control); purple, 20 mM;
red, 30 mM; green, 50 mM; and brown, 150 mM. The
temperature was 22 8C.
Table 1. Kinetic parameters for oxidation of Desulfovibrio






Uranyl acetate 0.017G0.003 34.1G1.3 0.4G1.5
Sodium molybdate 0.008G0.003 0.96G0.08 3.2G0.1
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a-helices. The two strands of G20c3 are formed by
residues 7–10 and 17–19, and there are five a-helices
formed by residues 22–24, 29–32, 64–69, 79–87 and
91–98. The closest structural homologue to G20c3,
based on a search of the Protein Data Bank using
SSM,42 is DvHc3 (PDB code 2CTH). This result is not
surprising, because DvHc3 and G20c3 share 65%
amino acid sequence identity and the DvHc3
structure was used for molecular replacement
calculations. The overall root-mean-square differ-
ence (RMSD) between the Ca atoms of the 1.5 Å
resolution G20c3 structure and the DvHc3 structure
is quite low (0.85 Å), and the inter-heme distances
and angles of the two structures are comparable
(Table 3).
Despite a high level of global structural similarity
between G20c3 and DvHc3, there are significant
local conformational differences in two regions of
the polypeptide chain (Figure 4). The first region
involves residues 37–41. These residues are on the
surface of the protein and the positions of
analogous Ca atoms in the two structures differ by
as much as 2.8 Å. We speculate that this confor-
mational difference might be due to a non-
conservative sequence variation at position 42,
which is Leu42 in G20c3 and Tyr43 in DvHc3. The
hydroxyl group of Tyr43 forms a hydrogen bond
with the carboxylate group of Glu41, which pulls
these two residues close together in the DvHc3
structure. An analogous interaction is not possible
in the G20 protein, due to the presence of Leu at
position 42 and thus residues 40 and 42 in G20c3 are
farther apart than those in DvHc3.
The second region of structural difference
between G20c3 and DvHc3 that is potentially more
interesting occurs in the loop that separates the 60s
helix from the 80s helix (Figure 4), where backbone
differences of 3.7 Å were observed. This structural
Table 2. Diffraction data collection and refinement
statistics
Oxidized Molybdate
PDB accession code 2A3M 2A3P
Wavelength (Å) 0.97856 1.5418
Space group P212121 P212121
Unit cell dimensions
a (Å) 43.67 43.16
b (Å) 43.88 43.70
c (Å) 57.73 57.89
Diffraction resolution (Å) 35–1.50 27–2.30
Outer shell (Å) 1.55–1.50 2.36–2.30
No. observations 116,721 26,792
No. unique reflections 18,098 5167
Redundancy 6.4 (4.6) 5.2 (5.3)
Completeness (%) 98 (86) 97 (95)
Mean I/sI 28.3 (4.1) 16.6 (2.4)
Rmerge 0.060 (0.238) 0.093 (0.428)
No. protein residues 107 107
No. water molecules 77 9
Rcryst 0.175 (0.179) 0.191 (0.215)
Rfree
a 0.195 (0.246) 0.248 (0.309)
Coordinate error (Å) 0.04 0.19
RMSD Bond lengths (Å)b 0.012 0.012
RMSD bond angles (deg.)b 1.2 1.9
Ramachandran plotc
Favored (no. residues) 84 84
Allowed (no. residues) 12 12
Generous (no. residues) 1 1






Values for the outer resolution shell of data are given in
parentheses.
a 10% Rfree test set.
b Compared to the Engh and Huber force field.63
c The Ramachandran plot was generated with PROCHECK
and includes only non-Gly and non-Pro residues.64
Table 3. Characteristics of cytochrome c3 isolated from D. desulfuricans G20 compared with that from D. vulgaris
Hildenborough





b Heme G20c3 DvHc3 G20c3 DvHc3 G20c3 DvHc3
I Cys 29 30 I-II 6.3 6.4–6.6 12.3 12.2–12.4 90–92 88–90
Cys 32 33 I-III 6.1 5.8–6.0 11.0 11.0–11.2 93–100 81–82
His 33 34 I-IV 9.6 9.7–9.9 17.7 17.7–18.0 19–21 19–22
His 21 22
II Cys 45 46 II-III 8.8 8.5–8.8 16.3 15.8–16.1 55 60
Cys 50 51 II-IV 10.8 10.2–10.3 16.9 16.4–16.7 70–74 71–75
His 51 52
His 34 35 III-IV 5.5 5.4–5.5 12.2 11.9–12.0 86 80–82








Data for D. vulgaris taken from Coutinho & Xavier.5
a G20c3 is the type I cytochrome c3 from D. desulfuricans G20.
b DvHc3 is the type I cytochrome c3 from D. vulgaris.
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difference is most likely caused by two sequence
variations. First, there is an insertion of one residue
(Arg71) in the G20 sequence, which increases the
length of the loop in G20c3. Second, Thr75 in G20c3
replaces Lys75 in DvHc3. This sequence variation is
highly significant, because Lys75 forms an ion pair
with a propionate group of heme II in DvHc3
(Figure 5). This interaction, possibly in combination
with the sequence difference at position 73, draws
the loop close to heme II in DvHc3. In contrast, the
Thr side-chain at position 75 in the G20 protein is
too short to interact with heme II. The observed
structural variation suggests that there is a tighter
coupling between hemes II and IV in DvHc3 than in
G20c3.
Molybdate-bound G20c3 structure
Binding of molybdate caused no significant
changes to the global protein structure (Figure 4).
The RMSD values between the oxidized and
molybdate-bound structures were small: 0.22 Å
for Ca atoms and 0.47 Å for all atoms. These results
agree with previous reports for cytochromes,43 in
which only small changes in structure were
documented upon ligand binding or reduction.
Although the binding of molybdate did not cause
significant protein structural changes, three heme
propionate groups have been modeled in different
conformations in the G20c3 structures (propionate
A of hemes I and II, propionate D of heme III).
However, it was difficult to assess whether molyb-
date-binding directly caused these changes,
because the electron density representing the
carboxyl moieties of these particular propionate
groups was rather weak. The apparent differences
in conformation could simply reflect a natural
flexibility of these regions of the heme molecules
and thus the significance of these apparent confor-
mational changes was unclear.
Figure 4. Stereoscopic view of cytochrome c3 structures from Desulfovibrio desulfuricans G20 and Desulfovibrio vulgaris
Hildenborough (PDB code 2CTH). The oxidized andmolybdate-bound forms ofD. desulfuricans c3 are colored green and
yellow, respectively. The structure of D. vulgaris Hildenborough c3 is shown in blue. The heme molecules and the
molybdate ion of the molybdate-bound c3 structure are drawn in ball-and-stick mode. The heme molecules are labeled
with roman numerals. The electron density map (3 s) is an anomalous difference Fourier map calculated from the
molybdate data set. Note the strong electron density feature covering the molybdate ion, which is bound to heme IV.
Figure 5. Stereoscopic view of cytochrome c3 structures from Desulfovibrio desulfuricans G20 and Desulfovibrio vulgaris
Hildenborough (PDB code 2CTH) highlighting structural differences in residues 69–75. The oxidized structure of
D. desulfuricans c3 is shown in green. The D. vulgaris Hildenborough c3 structure is shown in white. The residue
numbering corresponds to D. desulfuricans c3. Dotted lines indicate electrostatic interactions within a cutoff distance
of 3.2 Å.
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Anomalous difference Fourier analysis using data
collected from an oxidized crystal soaked in 10 mM
Na2MoO4 revealed the presence of a strong anom-
alous scattering center located near propionate A of
heme IV (Figure 4). On the basis of this evidence, a
molybdate ion was modeled in this site. The average
B-value for molybdate refined to 41 Å2, which is
comparable to theB-values for theprotein (38 Å2) and
heme molecules (36 Å2). Thus, the molybdate ion
bound to the protein with high occupancy.
G20c3 interacts with the bound molybdate
through an ion pair to Lys56 and a hydrogen bond
with the backbone amine group of Lys14 (Figure 6).
These interactions bring the Mo atom within 2.4 Å
of an oxygen atom of heme IV propionate
A. Because molybdate was found to function as an
electron acceptor from dithionite-reduced G20c3,
and preliminary data from a site-directed mutant
K14A of G20c3 showed that molybdate could no
longer oxidize this mutant protein (S. Miller &
J.D.W., unpublished results), we infer that heme IV
may be the primary site of electron exit from the
protein, in agreement with other results.12,20,41,44
Moreover, we predict that Lys56 is essential for
reduction of molybdate, and possibly uranyl
acetate, by G20c3. This prediction will be tested by
mutagenesis studies.
Structurally conserved solvent sites
Acquisition of a new high-resolution TpI-c3
structure prompted us to analyze structural
conservation of protein-bound water molecules in
this protein family. Our analysis revealed 11 solvent
sites with 100% conservation in the TpI-c3 family
(Table 4; Figure 7). Most of the conserved protein–
water interactions involve the protein backbone;
however, there are also conserved hydrogen bonds
with three of the heme-coordinating His side-chains
(sites 1–3, Table 4) and a propionate group of heme I
(site 9, Table 4).
Site 1 has been discussed by Aragao et al. as
possibly facilitating electron transfer between
hemes I and II.45 This water molecule forms
hydrogen bonds with the imidazole group of
His33 (G20c3 numbering) and the main-chain
carbonyl group of Ala43 (G20c3 numbering) in all
of the structures that we studied (Table 4;
Figure 8(a)). Note that His33 is a coordinating
ligand of the Fe bound to heme I. In addition, 67% of
the structures had a hydrogen bond between site 1
and a backbone carbonyl group (Asn41 in G20c3).
This water molecule is present in both of our
structures (HOH 4) and has B-values of 10–26 Å2.
We also discovered ten novel conserved solvent
sites (Table 4), which have not been discussed
previously as globally conserved in the TpI-c3
family. For example, site 2 is related to site 1 by
approximate mirror symmetry through the plane of
heme I (Figure 8(a)). As with site 1, water molecules
in site 2 form hydrogen bonds with an Fe-
coordinating imidazole group (His21 in G20c3)
and two backbone carbonyl groups. In addition,
site 2 water molecules form a hydrogen bond with
the backbone amine group of His21. Thus, the
coordination environment of site 2 provides the full
complement of two hydrogen bond donors and two
hydrogen bond acceptors. Accordingly, this water
molecule has a rather low B-value in our structures,
ranging from 9 Å2 in the oxidized structure to 24 Å2
in the molybdate-bound structure.
Figure 6. Molybdate-binding site of Desulfovibrio
desulfuricans G20 cytochrome c3. Dotted lines indicate
electrostatic interactions within a cutoff distance of 3.2 Å.
Table 4. Solvent sites of the type I tetraheme cytochrome
c3 family that were 100% conserved in reported structures
Representative interactions
Site Water ID Backbone (%) Side-chain (%)
1 4 O-Asn41 (67) ND1-His33 (100)
O-Ala43 (100)
2 1 O-Ala5 (100) ND1-His21 (100)
O-Phe19 (100)
N-His21 (100)
3 46 O-Pro16 (67) ND1-His106 (100)
4 14 O-Val53 (100)
O-Asp55 (83)
N-Tyr65 (100)
5 10 N-Ile18 (100)
O-Cys105 (100)
6 8 O-Tyr27 (100)
7 23 O-His21 (100)
8 53 O-Leu84 (100)
O-Gly88 (67)
9 9 N-Ala46 (100) PropD-heme I (100)
10 22 N-Lys44 (100)
11 41 N-Leu42 (100)
Water ID and representative interactions were obtained from
PDB accession code 2A3M.
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Aswith sites 1 and2, conserved site 3 interactswith
a histidinyl heme ligand (Figure 8(b)). Water mol-
ecules bound to site 3 form hydrogen bonds with a
His side-chainbound toheme IVFe (100%conserved)
and a backbone carbonyl group (67% conserved).
Thus, three of the eight heme-coordinating imidazole
groups engage in hydrogen bonds with conserved
water molecules in TpI-c3 (for example, His21,
His33, and His106 in G20c3). Presumably, the
conserved His–solvent hydrogen bonds formed by
water molecules in sites 1–3 help stabilize and orient
the heme-binding site by non-covalently linking
the imidazole/heme unit to the protein backbone.
We note that the other five Fe-coordinating His side-
chains of TpI-c3 formhydrogen bondswith backbone
carbonyl groups, rather than with conserved water
molecules. Thus, consideration of conserved solvent
structure leads to the observation that the hydrogen
bonding potential of the heme-coordinating
imidazole groups in TpI-c3 is fully satisfied. To our
knowledge, this aspect of c3 structure has not been
described previously.
Sites 1 and 4 are noteworthy because conserva-
tion of these solvent sites extends beyond the TpI-c3
family to type II cytochrome c3 (TpII-c3) and
cytochrome cc3 proteins. Examples of these proteins
for which structures are known include TpII-c3 from
Figure 7. Global structural context of conserved solvent
sites of the TpI-c3 family. The G20c3 structure is shown as a
ribbon drawing, with heme molecules in green and Fe-
coordinating His side-chains in yellow. Red spheres
represent the 11 100% conserved solvent sites of the TpI-c3
family, with numbers corresponding to the site numbers
given in the left-most column of Table 4.Watermolecules in
the conserved solvent-filled pocket are represented by the
cyan (cluster A) and magenta (cluster B) spheres.
Figure 8. Close-up views of conserved solvent sites 1–4. (a) Conserved solvent sites 1 and 2 from the 1.5 Å resolution
G20c3 structure. Broken lines denote hydrogen bonds. (b) Conserved solvent site 3 from the G20c3 structure.
(c) Conserved solvent site 4 from G20c3.
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Desulfovibrio desulfuricans Norway (2CY3)17 and
Desulfovibrio africanus (3CAO),20 as well as cyto-
chrome cc3 from D. desulfuricans Norway (1AQE)
46
and Desulfovibrio gigas (1GYO).45 The structural
features that distinguish TpI-c3 and TpII-c3 proteins
have been described.10 Among the more notable
differences, TpII-c3 and cc3 proteins feature a shorter
C-terminal a-helix, which typically consists of only
four residues, compared to the seven to ten residue
C-terminal a-helix of TpI-c3 structures. Also, the
long loop separating the 60s and 80s a-helices found
in TpI-c3 (“interhelix loop”) is more compact in
cc3 (1AQE, 1GYO) and absent from TpII-c3
(2CY3, 3CAO).
The fact that solvent site 1 is present in all
cytochrome c3 proteins attests to the strength of the
protein–water interactions formed by water mol-
ecules in this site and provides additional support
for this water molecule playing a functional role in
electron transfer, as suggested by Aragao et al.45
Unlike site 1, site 4 is not associated with a heme.
Rather, site 4 sits atop the N terminus of the 60s
helix (Figure 8(c)). The water molecule in this site
fills the space between the helix N terminus and the
long loop that precedes the 60s helix. This water
molecule always forms one or two hydrogen bonds
with backbone carbonyl groups of the loop plus a
hydrogen bond with a backbone amine of the first
or second residue of the helix (Figure 8(c)). In
addition, it forms a hydrogen bond with the 60s
helix Ncap side-chain in G20c3, 3CYR, 1WAD and
1I77. This water molecule tends to be more buried
in TpI-c3 structures than in the TpII-c3 structures. In
either case, though, the water molecule bound to
this site links two secondary structural elements.
Conservation of this solvent site in the TpI-c3, TpII-
c3 and cc3 families suggests that these water-
mediated interactions are important for protein
stability and folding.
Conserved solvent-filled pocket
Manual inspection of the TpI-c3 structures used
for the water analysis described above also revealed
a conserved solvent-filled pocket located at the
intersection of hemes I, II and III (Figure 9(a)). The
pocket in G20c3 is formed by the three aforemen-
tioned heme molecules, residues 31–32, 67–68 and
76–79. Note that residues 76–79 are part of the
interhelix loop. Water molecules near the bottom of
the pocket can be grouped into two clusters, labeled
A and B (Figure 9). Cluster Awater molecules form
hydrogen bonds with a carbonyl group of the 60s
helix and/or the amine group of one of the Cys
residues bound to heme III. Cluster B water
molecules form hydrogen bonds to cluster A
water molecules but they do not form hydrogen
bonds directly to the protein. All six TpI-c3
structures in our non-redundant data set have a
cluster B water molecule and all but 3CYR have a
cluster A water molecule. Water molecules in
clusters A and B typically form hydrogen bonds
to other water molecules that form a solvent chain
leading to the protein surface (Figure 9). Meyer has
described similar solvent chains connecting active
sites to bulk solvent, and has proposed that these
chains may provide a mechanism for proton
transport to/from the active site.47
Interestingly, this pocket is present also in TpII-c3
and cc3 structures, but it is not always filled with
water. The cc3 structures 1AQE and 1GYO have a
cluster B water molecule in the pocket but no water
molecule in cluster A. In these structures, the
volume corresponding to cluster A is reduced due
Figure 9. Conserved solvent-filled pocket. (a) Global
view of the pocket with G20c3 polypeptide represented as
a ribbon drawing (white) and the heme molecules of
G20c3 shown in CPKmode (green). Water molecules from
six superimposed TpI-c3 structures are shown as cyan
(cluster A) and magenta (cluster B) CPK spheres. Orange
spheres represent water molecules from the six structures
that form a chain leading from the pocket to the protein
surface. (b) Close-up view of the conserved, solvent-filled
pocket. The coloring scheme is the same as in (a), except
that water molecules of the six TpI-c3 structures are
drawn as small spheres, heme molecules of G20c3 are
drawn as sticks and the TpII-c3 structure 3CAO is shown
in blue. Gln81 of 3CAO is shown. The orientation in (b) is
slightly rotated from that in (a).
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to a shift of heme II 1 Å toward the pocket centroid
(relative to G20c3). On the other hand, TpII-c3
structures 2CY3 and 3CAO have a Gln side-chain
(Gln91 in 2CY3, Gln81 in 3CAO) filling the
pocket rather than water molecules (Figure 9(b)).
We note that 2CY3 and 3CAO are unique among
the structures examined, in that they lack the
interhelix loop (Figure 9(b)). Thus, water in
the pocket correlates with the presence of the
interhelix loop.
Nørager et al. observed that reduction of D. afri-
canus TpII-c3 causes rotation of the Gln81 side-chain
out of the pocket and subsequent entry of one water
molecule into the pocket.20 On the basis of the
location of the pocket at the intersection of three
heme molecules and the observation of redox-
induced structural changes inside the pocket in
one system, we suggest that water molecules in the
pocket may have functional significance,




The sulfate-reducing bacterium D. desulfuricans strain
G20 is a spontaneously nalidixic acid-resistant derivative
of the wild-type strain G100A48 that is also cured of the
endogenous cryptic plasmid pBG1.49
Isolation and purification of G20c3
D. desulfuricans strain G20 was grown in 10 l batches on
LS medium (medium containing 60 mM sodium lactate
and 50 mM sodium sulfate) under anaerobic conditions.50
Cells were harvested from early stationary phase
(A600nmw0.93) by centrifugation (4000g, 10 min, 4 8C).
The cell pellets were suspended in 200 ml of extraction
buffer (50 mM Tris–HCl (pH 9.0), 50 mM EDTA), stirred
gently in an ice-bath for 45 min to release periplasmic
proteins, and centrifuged (13,000g) for 45 min at 4 8C.51
Interestingly, recent proteomics experiments have shown
that cytoplasmic proteins are released along with
periplasmic proteins by this procedure;52 however, we
find enrichment for cytochrome c3 by this step. The
supernatant containing G20c3 was loaded onto a hydro-
xyapatite column (5 cm!10 cm) equilibrated with 10 mM
Tris–HCl (pH 7.6), and the orange-pink protein band was
eluted with a gradient of 0.2 M–0.5 M potassium phos-
phate buffer (pH 7.6). The peak fractions containing G20c3
were subsequently dialyzed against 10 mM Tris–HCl
(pH 7.6) at 4 8C for 4 h. Generally, this fractionation
resulted in 1.5–1.8 mg of protein w95% pure that
migrated as a single band during SDS-PAGE. For Western
blot analyses, denaturing polyacrylamide gels were
transferred onto a nitrocellulose membrane (Osmonics,
Westborough, PA) and the relative amount of G20c3
present was detected by antiserum raised to purified
protein as reported earlier.50 Detection of heme in the
proteins separated by SDS-PAGE was accomplished by
the peroxidase activity of hemoproteins.53 Total protein
concentration was determined by Bradford analysis54
with bovine serum albumin as a standard.
UV-Vis spectroscopy
UV-visible absorption spectroscopy studies used a
Cary 1 Bio UV-Visible spectrophotometer at room
temperature. Screw-capped sealable quartz cuvettes
(Starna Cells Inc., Atascadero, CA) were used to obtain
anaerobic conditions. To achieve anaerobiosis, empty
cuvettes and gas-tight syringes used for solution transfers
were flushed with argon before adding the reactant
solutions. The reaction buffer (10 mM Tris–HCl, pH 7.6)
was bubbled with argon before use. The volume changes
from evaporation during the bubbling were less than 5%.
A 100 mM sodium dithionite stock solution was made in
anaerobic reaction buffer and usedwithin 2 h. Special care
was taken while preparing this reductant solution to
minimize differential changes in the effective reducing
power due to exposure to oxidizing components. G20c3
(1 mM) was reduced chemically by addition of a buffered
solution of sodium dithionite to a final concentration of
50 mM in 10 mM Tris–HCl (pH 7.6). To consume any
effective reductant remaining, a predetermined amount
of oxidized G20c3, usually about 1 mM, was added to the
cuvette. The aliquot of oxidized protein to be added was
determined by titration of a portion of the same mixture
until no further increase of A418nm (the Soret absorption
maximum for reduced G20c3) was observed. Stock
solutions of 10 mM uranyl acetate and 20 mM sodium
molybdate were prepared in anaerobic reaction buffer
and added where indicated. Characteristic absorption
spectra of the oxidized, reduced and metal-oxidized
G20c3 were obtained by scanning the samples from
350–600 nm. The molar extinction coefficients calculated
for the as-isolated oxidized (l408nm) and sodium dithio-
nite-reduced G20c3 (l418nm) were 188,000 M
K1 cmK1and
248,000 MK1 cmK1, respectively.
Circular dichroism spectroscopy
The CD spectra were recorded at 25 8C with an Aviv
62DS spectropolarimeter (Lakewood, NJ) in the region
450–190 nm. Purified G20c3 at a concentration of 2 mM in
10 mM Tris–HCl (pH 7.6) was used. The spectra of
oxidized G20c3, uranyl acetate, sodium dithionite-
reduced G20c3 or reduced G20c3 with uranyl acetate or
sodium molybdate were recorded. Cuvettes, preparation
of solutions, and removal of excess reductant were as
described for the UV-visible spectroscopy.
CD melting experiments
To determine the thermostability of the as-isolated
oxidized, dithionite-reduced, and metal-oxidized forms
of G20c3, thermal melting experiments were carried out
using the spectropolarimeter in the temperature range
of 30–110 8C with a temperature step of 2 deg. C. The
normalized data for the heating and cooling curves
were used to calculate the melting temperatures for the
different forms of G20c3. The melting temperatures of the
as-isolated oxidized and uranium-oxidized G20c3 were
calculated using the method of John and Weeks.38 The
experiments were repeated three times to confirm
reproducibility of the results.
Fast kinetics studies
The rapid kinetics of oxidation of reduced G20c3 by
anaerobic buffered solutions of uranyl acetate or sodium
molybdate were studied using a temperature-controlled
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KinTek SF-2000 stopped-flow apparatus (Austin, TX,
USA) fitted with a 2.6 cm cell. To eliminate oxygen
leaks, the entire system was flushed with argon followed
by flushing with buffer de-aerated with argon. Reduction
of G20c3 was carried out in a septum-sealed vial flushed
with argon. Sodium dithionite (100 mM stock prepared in
anaerobic 10 mM Tris–HCl, pH 7.6) was added to a final
concentration of 50 mM to a 1 mM solution of G20c3 in the
same buffer. Excess reductant was removed as described
for UV-visible spectroscopy. The reduced G20c3 was
introduced into the fast kinetics apparatus with an
Ar-flushed, Hamilton syringe fitted with an air-lock
system (Hamilton Co., Reno, NV). The regeneration of
oxidized G20c3 by metals was monitored by changes in
absorbance at 553 nm. Appropriate controls for changes
in A553nm with buffer alone, sodium molybdate, uranyl
acetate or reduced G20c3 with buffer additions were
conducted. Data for each concentration of metal
were collected as an average of eight data sets. To
obtain the kinetics rate constants, the time-dependent
absorbance changes were fit to theoretical curves using
KaleidaGraph software, version 3.6 (Synergy Software,
Reading PA USA).
Crystallization
Throughout the crystallization studies, unless
mentioned otherwise, the crystallization buffer consisted
of 20% (w/v) polyethylene glycol 4000 (PEG 4000), 5%
(v/v) ethylene glycol, 0.2 M ZnCl2 and 0.1 M imidazole
(pH 7.02). The cryoprotectant buffer contained 25% (w/v)
PEG 4000, 24% (v/v) ethylene glycol, 0.2 M ZnCl2 and
0.1 M imidazole, (pH 7.02).
Crystals of oxidized G20c3
Crystals of oxidized G20c3 were grown at 22 8C in
hanging drops of equal volumes of the crystallization
buffer and a freshly purified protein stock solution having
a concentration of 6 mg/ml (0.5 mM). Generally, crystals
formed within four days and matured over a period of
two to three weeks. The crystals were soaked in
cryoprotectant buffer for 30 min and were flash-frozen
in liquid N2.
Crystals of oxidized G20c3 complexed with molybdate
Crystals of a cytochrome/molybdate complex were
obtained by soaking oxidized crystals in crystallization
buffer comprised of 20% (w/v) PEG 4000, 5% (v/v)
ethylene glycol, 10 mM Na2MoO4 and 0.1 M imidazole
(pH 7.02) for 20 min. Subsequent to this treatment,
crystals were soaked for 2 min in cryoprotecting buffer
containing 20% (w/v) PEG 4000, 25% (v/v) ethylene
glycol, 10 mM Na2MoO4 and 0.1 M imidazole (pH 7.02)
and flash-frozen in liquid N2.
X-ray diffraction data collection
Data for an oxidized G20c3 crystal (PDB accession code
2A3M) were collected at beamline 19ID of the Structural
Biology Center at the Advanced Photon Source. The data
for the molybdate-bound (2A3P) crystals were collected
on an R-Axis IV image plate detector mounted on a
Rigaku rotating anode generator. All data collections
were performed using cryocooled crystals, and the data
were processed with HKL.55 Data collection statistics are
summarized in Table 2.
Structure determination and refinement
The structure of oxidized G20c3 was determined by the
molecular replacement (MR) method using AMoRe56 as
implemented in the CCP4 package.57 The search model
used for MR calculations was a poly-alanine form of the
tetraheme cytochrome c3 structure from D. vulgaris
Hildenborough (DvHc3, PDB code 2CTH). An anomalous
difference Fourier map calculated from the MR phases
had strong peaks at the expected postions of the four Fe
ions, which verified the correctness of the MR solution.
Assignment of the side-chains and manual model
rebuilding was done using O.58 The initial model was
improved through several iterated cycles of manual
model rebuilding in O followed by refinement in
X-PLOR.59 After the protein and heme parts of the
model were completed, water molecules were added to
the model with COOTand the structure was refined with
REFMAC5.60 The high quality of the maps allowed
modeling of alternative side-chain conformations at
residues Glu2, Ser23 and Ser25.
The oxidized structure, with water, heme molecules
and alternative side-chain conformations removed,
served as the starting point for refinements of the
molybdate-bound structure. Model building for this
structure was done with COOT and refinement was
done with REFMAC5. A common set of test reflections
(10%) was used for refinement of both structures. An
anomalous difference Fourier map calculated from the
molybdate data set and phases from a partially refined
model featured a very strong peak (17 s) near a
propionate group of heme IV (Figure 4). This feature
was the highest peak of the map and it was presumed to
represent a molybdate ion. For reference, the map had
peaks of 8–9 s at the locations of the heme Fe ions.
Refinement statistics for both structures are summarized
in Table 2.
Conserved solvent analysis
Conserved solvent sites of the TpI-c3 family were
identified and analyzed using the pseudo-electron
density map superposition method of Bottoms et al.61
Briefly, the secondary structure matching (SSM) web
server42 was used to assemble a non-redundant set of TpI-
c3 structures using our oxidized G20c3 structure (2A3M)
as the query and the default parameters of SSM. The
resulting data set consisted of the following structures:
1I77 from D. desulfuricans Essex 6,19 1J0P from D. vulgaris
Miyazaki,62 1WAD from D. gigas,18 2A3M (this work),
2CTH refinement of D. vulgaris Hildenborough,19 and
3CYR refinement fromD. desulfuricansATCC 27774.19 The
high-resolution limits of these structures are in the range
0.91–1.95 Å. The pairwise amino acid sequence identities
for the set span the range 39–86%, with an average of 52%
and standard deviation of 16%. The structures were
superimposed onto 2A3M and the superimposed set
(including 2A3M)was used to calculate a pseudo-electron
density map, which represents the distribution of water
molecules in the superimposed structures. Clusters of
water molecules were defined as being within 2 Å of a
peak of the map. Water molecules in a given cluster with
at least one conserved interaction with a polar atom of the
protein (3.2 Å cutoff) were considered to be structurally
equivalent.
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